1. Introduction {#sec1-jcm-09-00774}
===============

Immediate implant-supported prosthetic rehabilitation is considered to be a routine procedure with a high success rate \[[@B1-jcm-09-00774],[@B2-jcm-09-00774],[@B3-jcm-09-00774]\]. Presently, Three-Dimensional (3D) preoperative planning through cone beam computed tomography analysis (CBCT) allows for the verification of the maxillary anatomy and qualitative and quantitative bone structures before dental implant placement \[[@B4-jcm-09-00774],[@B5-jcm-09-00774]\]. The CBCT Standard Triangulation Language (STL) files elaborated through specific surgical software, together with stereolithographic (SL) models, promote individual virtual planning \[[@B6-jcm-09-00774]\] that allows an immediate prosthetic loading of the implants with a reduction in surgical times, increasing the comfort of the patients \[[@B7-jcm-09-00774],[@B8-jcm-09-00774]\] and the predictability of surgical results \[[@B9-jcm-09-00774],[@B10-jcm-09-00774]\]. In the literature, computer-aided surgical systems have shown high accuracy rates in terms of implant position, depth, and angle, avoiding intraoperative surgical complications and poor positioning of implants which can compromise the primary stability and/or success of immediate-load restoration techniques \[[@B11-jcm-09-00774],[@B12-jcm-09-00774],[@B13-jcm-09-00774]\]. However, in a recent systematic review of static navigation systems, Tahmeseb A. et al. found a 1.2-mm (1.04--1.44 mm) mean horizontal deviation at the coronal entry point and a 1.48-mm (1.28--1.58 mm) deviation in the apical endpoint, respectively, with a mean angular deviation of 3.5° (3.0--3.96°) \[[@B14-jcm-09-00774]\]. However, numerous variables have been found to affect virtual planning and the in vivo position of the dental implant \[[@B15-jcm-09-00774]\]. Thus, it is necessary to evaluate the accuracy of the virtual and clinical measurements of lengths and angles \[[@B16-jcm-09-00774]\] due to the many errors related to the different phases of data acquisition, as well as to data elaboration during digital and surgical workflow \[[@B17-jcm-09-00774]\]. Many studies have been carried out to compare the planned position of dental implants with their actual insertion position in the maxilla, using implant neck/apex points or 3D coordinates (X, Y, Z axes) to analyze the sensitivity of the software and to determine predictability of the results. The aim of the study was to evaluate the accuracy of the virtual computer-aided approach in the overall digital workflow using mucosal-supported templates Computer-Aided Design and Manufacturing (CAD-CAM) as compared to the clinical position of immediate-load dental implants in atrophic areas of bone in totally edentulous patients.

2. Materials and Methods {#sec2-jcm-09-00774}
========================

2.1. Patient Selection {#sec2dot1-jcm-09-00774}
----------------------

Fourteen patients (6 male/8 female; mean age 58) were selected from four different private dental clinics from November 2014 to July 2017. All presented with good health, total edentulism of the jaws, and the need for dental implant rehabilitation. Inclusion criteria were: an upper opening of the mouth wider than 50 mm, edentulism of the maxilla arches, and sufficient bone available for positioning the implant fixture. The exclusion criteria were: cardiac disease, chemotherapy, radiotherapy, bisphosphonate therapy, pregnancy, asthmatic problems, decompensated diabetes, smoking habit (more than 10 cigarettes/day), and maxillary parafunctions. No bone regeneration was requested. In order to reduce the study variables, all surgeons had the same level of expertise and used the same digital work flow for the computer-guided surgery, with the same 3D device and the same implant system. All patients were examined through preliminary CBCT analysis (NewTom Evo - NewTom, Verona, Italy) using a prosthesis with a radiopaque marker, and underwent standardized CBCT scanning with an interocclusal index. To complete the digital data, some optical scans (Activity 885, Smart Optics, Bochum, Germany) were performed. The 3D STL files were imported into 3Diagnosys (3DIEMME, Italy) to match the CBCT Dicom data and to perform virtual planning (RealGUIDE, 3DIEMME, Milan, Italy). All data were collected using software with an adapting algorithm, called "best-fit", to optimize the anatomic curves of the maxillo-facial complex as well as the regular geometry of the radiological markers. After digital image segmentation, the virtual implants were placed in the optimal position according to the anatomy and prosthetic planning. The STL data were processed with the Plasty-CAD-3DIEMME system (DWS 20D, DWS SYSTEMS, Bergamo Italy) and surgical guide templates were created with mucous support and a stabilizing system with bi-cortical bone fixation pins. After administration of local anesthetic (4% articaine with 1: 200.000 adrenaline), the surgical guide was positioned on the maxillary arch of the patients and anchored by three bi-cortical bone pins. After flapless surgery, only Winsix TTx implants (diameter: 3.8 or 4.5 mm) with external hexagonal connections were placed using the "Just on-four" or "Just on-six" techniques. All implants were inserted with 35--55 N/m torque and immediately loaded with a provisional prosthesis. ([Table 1](#jcm-09-00774-t001){ref-type="table"})

2.2. Computerized and Statistical Analysis {#sec2dot2-jcm-09-00774}
------------------------------------------

The control CBCT procedure was used to verify the differences between the clinical implant fixture position after the surgery as compared to that in virtual planning. Geomagic Studio software (3D SYSTEM, Geomagic, Morrisville, North Carolina -USA) was used. For the evaluation of the three spatial coordinates (x~v~, y~v~, z~v~ e x~s~, y~s~, z~s~) of each dental implant, the angles formed by the axes of inclination between the implants were calculated. ([Table 2](#jcm-09-00774-t002){ref-type="table"}) The neck (V) and the apex (S) points were chosen to understand the accuracy and the sensitivity of virtual planning as compared with the clinical results. To evaluate the three-dimensional spatial position (x, y, z) of single implants ([Figure 1](#jcm-09-00774-f001){ref-type="fig"}) post-surgery, the CBCT analysis used a specific algorithm to minimize the relative distance according to an interactive process of the files matching, guaranteeing precise and repeatable overlaying. Following the alignment process, a mean error value was calculated using the distance of the points between the two surfaces (from the STL and the DICOM files), which were considered acceptable when less than 0.1--0.15 mm (on the entire arch). To calculate the Euclidean distances (S and V), the formulas $= \sqrt{\left( {x_{s}^{2} + y_{s}^{2} + z_{s}^{2}} \right)}$ and $V = \sqrt{\left( {x_{v}^{2} + y_{v}^{2} + z_{v}^{2}} \right)}$ were used. The Smean and Vmean were calculated for each implant of each patient, wher were used. Therefore, Smean and Vmean were calculated for each implant of each patient where $$S_{mean} = \frac{\sum_{i = 1}^{n}S_{i}}{n},\quad V_{mean} = \frac{\sum_{i = 1}^{n}V_{i}}{n}$$

All measurements were repeated three times, by two blinded researchers to evaluate the reliability and reproducibility of the records. A non-parametric permutation method was used to data collected to establish a null hypothesis for all entitles of disturbance, including the P distribution. These tests do not depend on the type of distribution of the population, they are not based on the parameters of the distribution and it is possible to apply them even in cases of qualitative data. This tests are suggested when the variables do not have a Gaussian distribution (they are very asymmetric or present more than one peak); the sample is small; the observations are of ordinal type. The mean differences were evaluated by the permutation test, comparing the planned position and the real one. To obtain a multivariate and global result for both the Euclidean distances, as every implant was interested by different variables, the non-parametric combination (NPC) of partially dependent tests was adopted \[[@B15-jcm-09-00774],[@B18-jcm-09-00774]\]. Two distinct permutation tests, for S and for V, that were combined with an adequate combination function. Tests were carried out separately but simultaneously, resulting in a global test. To be able to jointly consider the two variables, considering the structure of dependence between them (unknown), it is necessary to base the two tests of permutation on the same entire permutation. [Figure 2](#jcm-09-00774-f002){ref-type="fig"} and [Figure 3](#jcm-09-00774-f003){ref-type="fig"} explained for the no surgeons, and the allon 4 implants surgical procedure in the mandible sites.

3. Results {#sec3-jcm-09-00774}
==========

100 dental implants immediate loaded were placed in 14 total edentulous maxilla with using a surgical template mucosa supported. In 12 upper jaws a total of 51 implants were placed, 23 implants in the anterior area and 28 in the posterior area. While in 11 mandibles total 49 implants were placed, 23 in the anterior and 26 in the posterior area. The sites 15, 25, and 42 were most treated with 11, 10, and 9 implants respectively. ([Table 1](#jcm-09-00774-t001){ref-type="table"}) No intraoperative complications and no implant failure after 1 yr follow-up were detected. All virtual planning data were matched with the CBCT-STL post-surgery porcedure and the implant fixture showed an error value. In maxillary area, 0.30 mm (range: 0.10--1.57 mean 0.89) S discrepancy and 0.37 mm (range: 0.30--1.77 mean 0.67) V discrepancy between virtual planning to clinical result were detected. In mandible implant sites, S difference 0,43 mm (range: 0.30--1.77 mean 0.31) and V difference 0.28 mm (range: 0.08--1.18 mean 0.12) were observed. The implant S discrepancy global mean value was 0.43 mm (range: 0.10--2.02 mean 0.75) and V mean value showed 0.35 mm (range: 0.08--1.77 mean 0.56). In the anterior area the S discrepancy between virtual planning to clinical result was 0.44 mm (range: 0.17--2.66 mean 0.88) while V value was 0.31 mm (range: 0.08--1.30 mean 0.41). In the posterior area 0.40 mm (range: 0.10--3.54 mean 0.79) S discrepancy and 0.38 mm (range: 0.27--1.77 mean 0.31) at V point were detected ([Table 2](#jcm-09-00774-t002){ref-type="table"}). Global *p*-value = 0.001 of the multivariate permutation test was detect to study differences between the two Euclidean distances (virtual and real).

The partial coordinates were examined $x_{s},~y_{s},$ and $z_{s}$ and $x_{v},~y_{v},$ and $z_{v}$, separately for S and V. Multivariate S coordinates permutation test detect global *p* value = 0.02 confirming the difference between the virtual and real implant positions. Significant difference was related to the x~s~ coordinate: *p*(x) = 0.001; *p*(y) = 0.43; *p*(z) = 0.98. Non-significant global *p*-value (= 0.12) resulted in V coordinates while a significant difference on the coordinates x~v~: *p*(x) = 0.036; *p*(y) = 0.84; *p*(z) = 0.2 is found. In both arches the permutation test confirmed the results obtained with the entire sample of implants (global *p* value = *p*~s~ = *p*~v~ = 0.001). In the maxilla, for S coordinates a significant level was obtained with a global *p* value = 0.091 (x~s~: *p*(x) = 0.068; *p*(y) = 0.28; *p*(z) = 0.20). For the V coordinates no significant difference was found with global *p* value = 0.71 (*p*(x) = 0.22; *p*(y) = 0.85; *p*(z) = 0.89). In the mandible, for the S coordinate a significant global p value = 0.017 was obtained (x~s~: *p*(x) = 0.002; *p*(y) = 0.95; *p*(z) = 0.17). For the V coordinates, the global p value was significant (0.038) above all for the coordinate z~v~: *p*(x) = 0.063; *p*(y) = 0.92; *p*(z) = 0.021. The entire sequence of the implants was divided into two groups according to the position the anterior (positions 1,2,3) or in the posterior (positions 4,5,6) of the mouth. After applying the multivariate permutation test on the S and V variables, the results obtained were confirmed for the sample of all the implants global *p* value = *p*(S) = *p*(V) = 0.001) in anterior sector as well as the posterior one. Examining the coordinates of the apex a nonsignificant global difference was found (global *p* value = 0.23), but on examination of the partial coordinates a significant difference was found for the coordinates x~s~: *p*(x) = 0.02; *p*(y) = 0.87; *p*(z) = 0.96. No evidence was obtained in V coordinates (global *p* value = 0.13). In the posterior area, the S coordinate showed a 10% global difference (global *p* value = 0.065). In partial coordinates a significant difference was found for the following coordinates x~s~: *p*(x) = 0.007; *p*(y) = 0.35; *p*(z) = 0.99. For the implant V coordinates no significant difference was found for the global test as well as for the partial ones: global *p* value = 0.35; *p*(x) = 0.44; *p*(y) = 0.35; *p*(z) = 0. 31.([Table 3](#jcm-09-00774-t003){ref-type="table"} and [Table 4](#jcm-09-00774-t004){ref-type="table"}).

4. Discussion {#sec4-jcm-09-00774}
=============

Computer-aided systems are valid tools for flapless virtual planning surgery using presurgical CBCT data implementation, with specific software to reduce postoperative morbidity and to improve patient compliance. The absence of surgical flap incisions, the pre-determination of the implant positions and fixture parameters, the control of cutter depth and stitching, and the previsualization and production of protheses before surgery for immediate loading of implants contribute to a reduction in surgical time and errors. Moreover, the accuracy of guided surgery systems must be carefully studied in order to respond to the growing needs of patients and increase the predictability of surgical results and the success of treatments. In computer-aided implant surgery, the absence of incisions and flaps and the pre-determination of exact implant positions and the depths and the sequences of the drills contribute to reducing the surgical time and patient discomfort. However, this technique has some disadvantages, including potential damage to the bone due to insufficient irrigation and the inability to visualize the surgical anatomical landmarks, with increased risk of error in implant positioning with increasing degrees of maxillary bone atrophy. Many studies have been conducted to assess the accuracy of virtual implant planning, and in all cases a discrepancy has been demonstrated between the virtual plan and the actual position of the implant in the oral cavity at the end of the surgery. The surgical problems with implant fixture are relative to the deviations in the three spatial dimensions of the screw position, which are higher in horizontal points and lower in the vertical points, as described in the literature, confirming that implant rehabilitation through computer-aided surgery is a predictable procedure that requires constant verification, especially in flapless surgery, to reduce the high risk of error in implant positioning during surgical procedures that use supported surgical templates. The first crucial factor affecting clinical result accuracy is the stability of the surgical template during the CBCT analysis and during surgical procedures with respect to surgical template positioning on the bone with pins to avoid damaging noble anatomic structures such as nerves, vessels, etc., because any small deviations may cause surgical errors and iatrogenic anatomical lesions, which are reported in the literature to occur in 9.1% of all cases. The second crucial factor affecting computer-aided surgery accuracy for the correct angle of insertion of the implant drills, is relates to the area of surgery and the mouth-opening capacity because in 2.3% of cases in the posterior maxillary area there is a limited interocclusal distance \[[@B15-jcm-09-00774]\]. The third crucial factor that affects accuracy is related to the bone volume and bone architecture in atrophic bone areas of the jaws, together with potential micromovements of the surgical mucosa-supported template due to the typical resilience of the oral mucosa \[[@B15-jcm-09-00774],[@B16-jcm-09-00774]\]. Mucosa-supported guided surgery is a tool used to preoperatively study the anatomical conditions of the jaws, pre-view the best implant insertion method, and plan the implant dimensions integrated into the predictable prosthetic rehabilitation workflow to prepare immediate-load provisional restoration, avoiding complications \[[@B17-jcm-09-00774],[@B18-jcm-09-00774]\]. At present, mucosa-supported guided surgery scientific literature is scarce and more in vitro and vivo studies should be carried out to understand surgical accuracy. \[[@B19-jcm-09-00774]\] A recent review and meta-analysis compared three types of guides (bone, mucosa, or tooth-supported), with a total 345 implants placed with mucosa-supported guides, concluding that more clinical studies should be performed to provide evidence about the accuracy of guided surgery, as well as to evaluate the variables that could affect the precision of the technique. \[[@B20-jcm-09-00774]\] In the literature, few scientific studies have correlated implant dimensions and bone density with guided surgery implant placement accuracy \[[@B21-jcm-09-00774]\], and there are only simple theoretical references to bone density, mouth opening, visibility, surgical guide stability, skill of the surgeon, and patient movements during surgical procedures. \[[@B22-jcm-09-00774]\] However, during bone drilling and implant insertion, mucosa-supported guided surgery is a blind technique, and thus to obtain predictable clinical results, presurgical 3D implant planning should be highly accurate in order to translate the virtual planning data into clinical surgical practice and to place the implants in the correct prosthetic positions, avoiding damage to important anatomic structures such as nerves, roots, or maxillary sinuses. \[[@B23-jcm-09-00774]\] In 2014, Schneider et al. showed that metal sleeves with a degree of tolerance to the surgical templates allowed cutter entrance and movement during surgical procedures. This specific tolerance could make them deviate during the drilling procedures, altering the angle of surgical site formation and final implant placement into the bone. Furthermore, long cutters promote greater angular or horizontal deviations. Thus, the length of the implants could also influence the accuracy of the clinical result \[[@B24-jcm-09-00774]\]. Recently, Hoffmann et al. \[[@B25-jcm-09-00774]\] reported statistically significant differences in implant surgical computer-aided accuracy, with mean angular deviations of 4.2 ± 1.8 and 11.2 ± 5, respectively. In 2018, Chang-Kai et al. reported 1.50 ± 0.79 mm horizontal deviation values at the apical endpoint. Implant placement accuracy with computer-aided static navigation systems was shown to be better (6.02 ± 3.71) compared to the manual implant placement (9.26 ± 3.62) \[[@B12-jcm-09-00774],[@B26-jcm-09-00774]\]. Augmented reality devices could be used to display the virtual planning image as compared to the reality of the surgical field \[[@B12-jcm-09-00774]\]. In a recent study, Vercruyssen et al. \[[@B27-jcm-09-00774]\] showed a high accuracy error of 0.9 mm (range: 0.1--4.5, mean 0.8) at the neck and of 1.2 mm (range: 0.2--4.9, mean 1.1) at the apex, with an angular deviation error of 2.7 (range: 0.0--6.6, mean 2.3). In 2016, Schneider described accuracy through an evaluation of implant apex deviation in terms of height, showing a 1.07 mm deviation at the neck point, a 1.63-mm deviation at the apex, and a 5.26 angular discrepancy \[[@B15-jcm-09-00774]\]. Our study confirmed a risk of error between the virtual plan and the clinical implant position in surgical mucosa-supported templates, however with lower values than those found in the scientific literature. Indeed, the data obtained showed a 0.30 m discrepancy at the apex with a 0.37 mm global horizontal discrepancy at the neck in the maxilla, and a 0,43-mm discrepancy at the apex with a 0.28 mm global horizontal discrepancy at the neck in the mandible. A 0.43 mm global mean value at the apex and a 0.35 mm discrepancy at the neck were detected. The multivariate scale permutation test confirmed the accuracy discrepancy in 3D spatial coordinates. Significant differences were shown in the mandible at the apex (*p* = 0,017), while higher values were found in the posterior area than the anterior for the apex (*p* = 0,001) and for the angle in the maxillary area. In conclusion, computer-aided surgery with a mucosa-supported template seems to be a predictable and reproducible procedure capable of reducing surgical times and patient discomfort \[[@B28-jcm-09-00774],[@B29-jcm-09-00774],[@B30-jcm-09-00774],[@B31-jcm-09-00774]\]. However, our study has shown an inaccuracy of the virtual projection, with a horizontal and angle discrepancy between the clinical position of the dental implant as compared to virtual planning. Although virtual planning reproduces in detail the anatomical and clinical characteristics of the future implant site, it should be noted that the accuracy required within the flapless surgical procedure does not seem to be sufficient in cases of severe atrophy of the jaws and in the presence of particular anatomies of the maxillary bone and in the posterior areas of the maxilla, with risks of error present in the procedure.
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![The 3D spatial software reconstruction of dental implant screws in pre-surgical virtual planning vs actual clinical position after the surgical procedure.](jcm-09-00774-g001){#jcm-09-00774-f001}

![The 3D STL intra-oral cone-beam analysis (CBCT) scanning position data as compared to the STL virtual planning data in millimetric horizontal and spatial angle evaluation. Software reconstruction of dental implant virtual planning vs clinical position after the surgical procedure.](jcm-09-00774-g002){#jcm-09-00774-f002}

![Just-on-4 surgical work-flow with a mucosa-supported template.](jcm-09-00774-g003){#jcm-09-00774-f003}

jcm-09-00774-t001_Table 1

###### 

The 100 dental implants in the maxilla or mandible site positions.

  Arch                 Site   Implants Numbers
  -------------------- ------ ------------------
  Anterior Maxilla     11     4
  12                   6      
  13                   2      
  21                   2      
  22                   6      
  23                   3      
  Posterior Maxilla    14     3
  15                   11     
  24                   3      
  25                   10     
  26                   1      
  Anterior Mandible    31     3
  32                   8      
  33                   1      
  42                   9      
  43                   2      
  Posterior Mandible   34     4
  35                   6      
  36                   3      
  44                   5      
  45                   6      
  46                   2      
                              Total 100

jcm-09-00774-t002_Table 2

###### 

The horizontal apex (S) and neck (V) implant discrepancies.

  Implant Discrepancy   APEX (S) mm                            NECK (V) mm
  --------------------- -------------------------------------- ----------------------------------------------
  Maxillary sites       0.30 mm (range: 0.10--1.57 mean 0.89   0.37 mm (range 0.30--1.77 mean 0.67)
  Mandible sites        0.43 mm (range: 0.30--1.77 mean 0.31   0.28 mm (range: 0.08--1.18 mean 0.12
  Anterior area         0.44 mm (range: 0.17--2.66 mean 0.88   0.31 mm (range: range: 0.08--1.30 mean 0.41)
  Posterior area        0.40 mm (range: 0.10--3.54 mean 0.79   0.38 mm (range: 0.27--1.77 mean 0.31
  Global mean value     0.43 mm (range: 0.10--2.02 mean 0.75   0.35 mm (range: 0.27--1.77 mean 0.56

jcm-09-00774-t003_Table 3

###### 

Statistical 3D evaluation of discrepancies between the clinical and virtual implant positions in single patients using multivariate permutation tests.

  Patients   S mean Value   Y mean Value   Global Mean
  ---------- -------------- -------------- -------------
  1          0.579          0.461          2.51
  2          0.800          0.506          2.49
  3          0.732          0.685          2.30
  4          0.967          0.732          3.73
  5          0.952          0.699          2.63
  6          0.872          0.665          2.44
  7          1.043          0.990          1.91
  8          1.175          0.856          2.64
  9          0.845          0.796          2.53
  10         1.060          0.551          2.00
  11         0.834          0.624          2.44
  12         0.802          0.778          2.86
  13         0.920          0.770          4.74
  14         0.767          0.692          1.11

jcm-09-00774-t004_Table 4

###### 

Statistical 3D evaluation of discrepancies using multivariate permutation tests in maxillae vs mandibles and anterior vs posterior areas using clinical and virtual apex (S) and neck (V) implant positions.

  Distance/Coordinates   Apex (S)   Neck (V)
  ---------------------- ---------- ----------
  MAXILLA                           
  Euclidean Distance     0.09       0.71
  x                      0.07       0.22
  y                      0.28       0.85
  z                      0.20       0.89
  MANDIBLE                          
  Euclidean Distance     0.02       0.04
  x                      0.00       0.06
  y                      0.95       0.92
  z                      0.17       0.02
  ANTERIOR AREA                     
  Euclidean Distance     0.23       0.13
  x                      0.02       0.03
  y                      0.87       0.46
  z                      0.96       0.54
  POSTERIOR AREA                    
  Euclidean Distance     0.07       0.35
  x                      0.01       0.44
  y                      0.35       0.35
  z                      0.99       0.31
  FULL MOUTH                        
  Euclidean Distance     0.02       0.12
  x                      0.00       0.04
  x                      0.43       0.84
  z                      0.98       0.20

[^1]: Contributed equally.
